ABSTRACT
Achieving a nanoscale control over the crystalline structure and morphology of electroactive polymer films as well as the possibility to transfer them onto any solid substrates are important tasks for the fabrication of high-performance organic/polymeric field-effect transistors (FETs).
In this work, we demonstrate that ultra-thin active layers pre-assembled at the water/air interface can possess high, anisotropic and substrate-independent mobility in polymer FETs. By exploiting a modified approach to the Langmuir-Schaeffer technique, we self-assemble conjugated polymers in fibrillar structures possessing controlled thickness, nanoscale structure and morphology; these highly-ordered nanofibrils can be transferred unaltered onto any arbitrary substrate. We show that FET based on these films possess high and anisotropic hole mobility approaching 1 cm 2 V -1 s -1 along the nanofibrils, being over one order of magnitude beyond the state-of-the-art for Langmuir-Schaefer polymer FET. Significantly, we demonstrate that the FET performances are independent on the chemical nature and dielectric permittivity of the substrate, overcoming a critical limit in the field of polymer FETs. Our method allows the fabrication of ultra-thin films for low-cost, high-performance, transparent and flexible devices supported on any dielectric substrate.
In the last decade, the performance of polymer field-effect transistors (FETs) have steeply improved, making them a real alternative to amorphous silicon. [1] [2] [3] [4] [5] Polymer FETs with p-type and n-type mobility exceeding 10 and 5 cm 2 V -1 s -1 , respectively, [6] [7] [8] have been demonstrated, being over two orders of magnitude larger than just a decade ago. 9 Such performance improvement was made possible not only through the progress in the molecular design of the semiconducting polymer, [10] [11] [12] but also by optimizing the crystalline structure and film morphology of the active layer, 13, 14 and by tuning its interfacing with the electrodes 15 and dielectric substrate. 16 In particular, the molecular self-assembly at surfaces to form semiconducting nanostructures to be integrated in working devices depends primarily on the chemical and morphological properties of the chosen substrate and on the processing method employed for the film preparation.
Different processing methods have been so far employed to fabricate high-performance polymer FETs including dip-coating, 17, 18 zone-casting, 19 capillarity on pre-engraved substrates [20] [21] [22] and bar-coating. 23 All these sophisticated wet-chemistry processing methods provide film morphologies optimized for charge transport, in which uniaxially-aligned polymer chains assemble into highly-ordered parallel nanostructures. Such film structures are highly anisotropic, with charge mobility being higher along the polymer chains direction and lower in the direction perpendicular to them. 17, 19, 20, 23 Although being very intriguing, these techniques are not widely applicable: they are complex and not universal since they frequently require dedicated substrate treatments and are therefore compatible with a limited range of substrates. More generally, the choice of a suitable substrate is a major hurdle in organic electronics because the moleculesubstrate interaction is a key parameter governing the self-assembly process during the film formation. 24, 25 For example, one of the major drawback of the widely-used strategy for modifying the dielectric/semiconductor interface via chemisorbed self-assembled monolayer (SAM), is its high specificity that prevents the same polymer from forming similar structure when adsorbed on different SAMs. 26 Likewise, the possibility of obtaining the same supramolecularly engineered organic thin-film onto any arbitrarily solid support is of notable importance because the dielectric permittivity of the substrates when it is employed as gate dielectric, strongly effects the charge carrier mobility of the OFET. [27] [28] [29] [30] Moreover, ad hoc orthogonal solvents are required to spin-coat semiconducting polymer onto organic substrates. 31 In this work, we demonstrate high, anisotropic and substrate-independent hole mobility in polymer films obtained by a modified approach to the Langmuir-Schaeffer (LS) technique. 32, 33 Our facile, efficient and generally-applicable strategy allows us to pre-assemble polymer films at the water-air interface, and transfer them easily onto very different substrates, overcoming the need of orthogonal solvents. In particular, we go beyond standard LS method, by exploiting its potential not only to form a monolayer but also to generate thicker high-performing films with active control over their nanostructure and morphology. By tuning two simple experimental parameters such as the volume of the polymer solution spread onto the water and the surface pressure selected to transfer the film onto the solid substrate, we demonstrate the ability to obtain ultra-thin layers (at the monolayer limit) or thicker (2-to-3 layers) and denser films. A combined optical and micro-structural analysis of the transferred films provides evidence that the films are characterized by long-range well-ordered nanofibrils, resulting in a highly-anisotropic structure, 
RESULTS AND DISCUSSION
Langmuir-Schaeffer is a technique to form molecular monolayers. In its standard use, a diluted solution is spread onto the water surface, forming an expanded phase possessing a low areal density. The movement of the barriers compresses the material to form a monolayer characterized by higher areal density, which is transferred onto the target substrate ( Figure 1a ). 32 Herein, we adopt a different strategy by starting from a higher amount of material spread on the water surface, forming an already-condensed phase before compression (Figure 1b) . The barrier movement is used to increase the thickness and the density of the polymer film, conferring it a structural anisotropy by forcing the polymers to self-assemble into parallel nanofibrils ( Figure   1b ). Among the high performing semiconducting polymers available, we have focused our attention on an isoindigo-based conjugated polymer (IIDDT-C3) characterized by a branched alkyl chain substituent ( Figure 1c) . 38 In particular, Lei et al. have recently reported that such polymer shows high hole mobility upon high temperature annealing, which deeply modifies the polymer structure. 39, 40 In particular, the presence of symmetric branched alkyl side chains makes IIDDT-C3 polymer an ideal candidate for forming a highly ordered assembly at water/air interface. 34 Moreover, the already reported long-time ambient stability 39 guarantees minor performance degradation due to possible water residuals.
In order to assess whether IIDDT-C3 is a suitable candidate to form transferable selfassembled layers with our strategy, we prepared films by varying (i) the volume of IIDDT-C3 (ii) the surface pressure. In particular, we have focused our attention on three films obtained in different conditions, which will be called hereafter LS1, LS2, LS3. For LS1 the isotherm curves show a gradual transition from an expanded to a condensed state, indicating the presence of a monolayer film with an edge-on molecular packing at the air/water interface (see Supporting Information), as already reported for polymer films obtained by the standard LS technique. 34 Instead, to form LS2 and LS3 we have spread a greater amount of materials on the water surface. similarly to those displayed in Figure 2 for the LS2 film (AFM images in Figure S3 in the Supporting Information); moreover, XRD patterns confirm an edge-on packing within all the LS films ( Figure S6 in the Supporting Information). We highlight that these data confirm that only LS1 is a monolayer thick film, since its thickness (4.6 nm) is compatible with the one expected for the edge-on configuration of the polymer. Conversely, the thickness of LS2 and LS3 is in the range of two-to-three monolayers. Figure 3a displays the dependence of the integrated intensity of the absorption spectra and of the thickness of the different LS films on the areal density (ρ).
Interestingly, the absorbance increases linearly with ρ, and in particular LS3 absorbs three times more than LS1, indicating that the quantity of polymer on the substrate in LS3 is three times greater than in LS1. Instead, the thickness of the LS3 film is only twice that of LS1 highlighting that LS3 film is not only thicker but also denser. This higher density implies a tighter inter-fibril packing, as evidenced in the AFM images in Figure S3 and Table S1 in the Supporting Information.
The different film density strongly influences the electrical performances of the devices. in the Supporting Information). The electrical properties of these LS films were compared with those prepared with spin-coating on the same substrates (see, Figure S17 -19 in the Supporting Information). Interestingly, electron transport seems to be enhanced in LS versus SC films.
While its investigation is beyond the scope of this work, it will be the object of future work. In all cases, hole mobility was found to be higher in LS films compared to spin-coated ones; in the latter one a highest field-effect mobility of 0.03 cm 2 V -1 s -1 on OTS-treated substrates was
measured. An extreme case is when a CYTOP substrate is employed because no source-drain current was measured in spin-coated films confirming the absence of a continuous IIDDT-C3
film on top of the dielectric layer. On the contrary, mobility is nearly unchanged in devices prepared by LS deposition regardless of substrate used (Figure 4g and Figure S20 in the Supporting Information). In particular, while charge transport in organic semiconductors strongly depends on dielectric permittivity, 27-29 the devices based on LS polymer were found to feature charge carrier mobilities that would not vary sensibly with ε ranging between 2.1 and 3.9. The latter interval includes a large variety of dielectrics commonly used for organic electronics, therefore our findings represent a substantial progress in such field. Such result can be ascribed to the particular technique and polymer type employed in our study. In particular, (i) the polymer layer is always organized at the water-air interface in an edge-on configuration and its assembly is not influenced by the chemical nature of the substrate over which such layer is deposited afterwards, and (ii) the organic core through which the charge transport takes place is separated by the substrate by long alkyl chains, the latter screening the extrinsic energetic disorder introduced by the dielectric surface. 46 Hence, our approach enables not only to control the film formation but also to guarantee a stronger uniformity of morphology and of transport properties that are not affected by the surface and dielectric properties of the gate insulating layer.
CONCLUSIONS
In conclusion, we have demonstrated that our modified Langmuir-Schaeffer LS deposition is a versatile method which makes it possible to self-assemble π-conjugated polymers into highly ordered thin-films made of tightly packed nanofibrils. When integrated as active layer in OFETs, these semiconducting polymer films exhibited record mobility for LS-film OFETs without the need of any high-temperature annealing. Moreover, we have proved that the electrical performances are independent both on the chemical nature of the substrate and on the dielectric permittivity of the gate insulator. Importantly, our approach to LS technique potentially enables the formation of large area films (up to 9 cm 2 ) by using a tiny amount of polymer (~ 75 μg)
spread onto the water surface to create high-performance, transparent and flexible devices at low cost regardless of the chemical and dielectric nature of the substrate. In perspective, the possibility to apply this film preparation method to other kinds of conjugated polymers will allow controlled fabrication of multilayered hybrid films without sacrificing morphological and electrical properties of each single layer.
MATERIALS AND METHODS

General:
The IIDDT-C3 (Mw=58,000 Da; polydispersity, PDI = 2.4) polymer was supplied Water contact angles (Table SI- 
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